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We demonstrate that the resonances of infrared plasmonic antennas can be tuned or switched on/off by taking
advantage of the thermally driven insulator-to-metal phase transition in vanadium dioxide (VO2 ). Y-shaped
antennas were fabricated on a 180 nm film of VO2 deposited on a sapphire substrate, and their resonances were
shown to depend on the temperature of the VO2 film in proximity of its phase transition, in good agreement with
full-wave simulations. We achieved tunability of the resonance wavelength of approximately 10% (>1 μm at
λ ∼ 10 μm). © 2013 Optical Society of America
OCIS codes: 250.5403, 240.6680, 130.3060, 130.4815.

Optical antennas have in recent years become a backbone of optics at subwavelength scales. Due to localized
surface plasmon resonances arising from the collective
motion of free electrons in metals, optical antennas have
become useful for sensing, photodetection, heat transfer,
and emission enhancement schemes [1–5]. More recently, optical antennas have also become relevant for
the manipulation of the amplitude, phase, and polarization of light [6–10].
To date, most of the applications that utilize optical antennas have involved static, nonreconfigurable designs.
These applications all stand to benefit from dynamic tunability. To this end, a number of approaches have been
investigated, including antenna loading with liquid crystals [11] and photoconductive materials [12], tuning the
gap of dimer antennas with scanning probes [13] or elastomeric substrates [14,15], and modification of the local
environment with active polymer coatings [16].
In this Letter, we demonstrate that resonances of midinfrared (IR) plasmonic antennas can be tuned and
switched on/off by thermal control of phase coexistence
in a vanadium dioxide (VO2 ) substrate. A similar approach has been previously explored for tuning of the effective refractive index of metamaterials in the terahertz
(THz) [17–19] and near-IR [20], tuning nanoparticle
scattering spectra in the visible [21–23], and control of
transmission through apertures in the THz [24]. We
utilized a normalization procedure that helps isolate
the antenna resonances from the optical response of the
unpatterned underlying substrate in proximity to the VO2
phase transition [25]. To validate our results, we incorporated the literature complex refractive indices of VO2
throughout its phase transition into full-wave numerical
simulations and observed qualitative agreement between
the simulated and experimental reflectivity spectra.
VO2 undergoes a thermally driven insulator-to-metal
transition (IMT) above ∼67°C, which takes the material
from an insulating state to a metallic state. In recent years
this phase transition has been explored for the development of novel electronic switches and memories [26]. In
the insulating phase, VO2 has a bandgap corresponding
0146-9592/13/030368-03$15.00/0

to λ  1.8–2.5 μm, depending on the growth conditions
(e.g., [27]), and in the metallic phase it has Drude-like optical conductivity at IR frequencies [28]. This large
change in optical properties makes VO2 films useful for
optical switching applications [29,30]. As the IMT occurs,
the bandgap collapses and nanoscale islands of the metallic phase begin to form in the surrounding insulating
VO2 , which then grow and connect in a percolative process [27,31]. This nanoscale phase coexistence makes intermediate-state VO2 an effective optical medium with
tunable dispersion and losses [25].
A plasmonic antenna can be made tunable by incorporating a material such as VO2 into its design; here, we
focus on Y-shaped antennas that can be used as phase
elements and form birefringent metasurfaces [10]. We
fabricated a square array of gold (Au) Y-shaped antennas
with a period of 3 μm on a thick, single-side-polished cplane sapphire substrate coated with ∼180 nm of singlecrystalline VO2 . The antenna spacing is large to minimize
near-field coupling between neighboring antennas. The
oxide film was deposited using magnetron sputtering
from a V2 O5 target at 550ºC under 10 mTorr pressure with
100 sccm Ar gas flow at a power of 120 W to obtain phase
pure VO2 . The antennas were defined using electronbeam lithography and deposition of 5 nm of Ti and
40 nm of Au, and lift-off. A scanning electron microscope
(SEM) image of the structures is shown in Fig. 1(a); the
vertical and horizontal arms are ∼1.05 μm long and the
diagonal arm is ∼0.75 μm long, all with a width of
∼160 nm. The roughness of the VO2 film is visible in the
SEM image and was transferred to the metallic antennas.
An antenna array situated on a dielectric substrate can
be viewed as a frequency selective surface and is expected to have a peak in its reflectivity spectrum when
on resonance [32]. We collected temperature-dependent
reflectivity spectra by using a Fourier transform infrared
(FTIR) spectrometer (Bruker Vertex 70), connected to a
mid-IR microscope (Bruker Hyperion 2000) equipped
with a temperature-controlled stage (Bruker A599). A
schematic of the setup is shown in Fig. 1(b). A Cassegrain
objective (15×, NA  0.4) was used to focus a polarized
© 2013 Optical Society of America
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Fig. 1. (Color online) (a) SEM image of the fabricated sample
comprising an array of gold antennas on a ∼180 μm VO2 film
deposited on a sapphire wafer. Inset: zoomed-in image of a
single Y-shaped antenna with arrows indicating the flow of the
current. (b) Schematic of the reflectivity measurement. Light
from an FTIR is incident on the temperature-controlled sample,
and the reflection is sent to a detector.

beam from a Globar source onto the sample, with the reflected light collected by the same objective and sent to a
mercury–cadmium–telluride (MCT) detector. Nearly all
of the light that is not reflected is absorbed within the
antennas, the VO2 film, and the underlying sapphire as
it is not transparent for λ > 5 μm. At each temperature,
the reflectivity spectra were normalized to (i.e., divided
by) the reflectivity of the bare VO2 ∕sapphire substrate at
that same temperature. Such normalization helps isolate
the reflectivity feature due to the antennas at each temperature from the nontrivial reflectivity of the underlying
VO2 film on sapphire [25].
The normalized reflectivity is shown in Fig. 2(a), with
the incident polarization along the symmetry axis of the
antennas as indicated with the double-sided arrow in
Fig. 1(a); this ensures that no polarization conversion
takes place at the antenna array [10]. When the VO2 is
in the dielectric state (e.g., T  28°C), the resonances of
the antennas in the array lead to a peak in reflectivity at
around λ  9.3 μm. As the temperature increases to
T  69°C, this peak is redshifted to λ  10.5 μm, corresponding to a greater than 10% shift in the resonance frequency. This shift coincides with a decrease in the peak
reflectivity and increase in the linewidth. The wavelength
of the reflectivity peak and its value are plotted in
Fig. 2(b) as a function of temperature when heating (solid
curves) and then cooling back down (dashed curves).
There is hysteresis in this plot that is inherent to the

Fig. 2. (Color online) (a) Reflectivity spectra of the antenna
array for increasing temperatures, showing the evolution of
the antenna resonance through the VO2 phase transition. At
each temperature, the spectrum was normalized to reflectivity
of the substrate without the antennas. (b) Wavelength at which
the reflectivity peaks [blue (lower left to upper right)] and the
normalized peak reflectivity value [green (upper left to lower
right)] as a function of temperature during heating (solid
curves) and cooling (dashed curves).
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VO2 phase transition [26], though the full hysteresis loop
is not visible in Fig. 2(b) because we truncated the temperatures at 69°C for heating and 63°C for cooling, respectively; beyond these temperatures the reflectivity
peak disappears.
The key features of Fig. 2(a) are reproduced by threedimensional finite-difference time-domain (FDTD)
simulations (Lumerical Solutions) in Fig 3(a). Periodic
boundary conditions were used to capture the effect of
the array. The IR complex refractive index data for sapphire, Ti, and Au was interpolated from literature data
[33], while the VO2 refractive indices throughout its phase
transition were taken from ellipsometry measurements in
[28]. The differences between the experimental results of
Fig. 2(a) and the calculations of Fig. 3(a) are primarily due
to the differing growth conditions and thicknesses between our VO2 sample and the one measured in [28],
which lead to a different temperature-dependent complex
refractive index, as well as the surface roughness that is
not accounted for in the simulations.
This shift in the resonance occurs because the refractive index of the underlying VO2 changes as a function of
temperature. At the onset of the transition, the real part
of the complex refractive index n increases at mid-IR
wavelengths [curves for 9.3 and 10.5 μm are shown in
blue (upper on the left, lower on the right) in Fig. 3(b)].
This increase in the substrate index is strongly felt by the
antenna, which acts as a dispersive Fabry–Perot resonator for surface plasmons with the effective index of the
mode dependent on the index of the substrate [34,35]. In
the present demonstration, we are exciting one of the
two plasmonic eigenmodes of the Y-shaped antenna [10];
the other eigenmode feels the index change of the substrate in the same way. Through the course of the VO2
phase transition the antenna resonance is also impacted
by the increase of losses [the values of the imaginary part
k of the complex refractive index of VO2 are shown in
black (lower on the left, upper on the right) in Fig. 3(b)],
which increase as the fraction of the metallic-phase VO2
increases, resulting in a lower-amplitude reflectivity
maximum. As the VO2 film transitions into its hightemperature metallic state (where k > n), the antennas
become “shorted” and can no longer be viewed as isolated resonant elements, so the reflectivity maximum disappears [flat orange curves in Figs. 2(a) and 3(a)]. The
peak in normalized reflectivity in Figs. 2(a) and 3(a) at
11–12 μm that appears at temperatures close to the

Fig. 3. (Color online) (a) Calculated normalized reflectivity
spectra corresponding to the experimental data in Fig. 2(a)
using the FDTD method, incorporating literature values for the
complex refractive indices of gold, VO2 , and sapphire. (b) Real
(n) and imaginary (k) parts of the refractive index of VO2 at
wavelengths of 9.3 and 10.5 μm.

370

OPTICS LETTERS / Vol. 38, No. 3 / February 1, 2013

critical IMT temperature is a result of a “division by zero”:
at this wavelength and temperature the reflectivity of the
underlying VO2 ∕sapphire substrate is ∼0 as a result of
critical coupling to an ultrathin cavity resonance [25],
causing a divergence in the normalized curves. The dip
at this same wavelength but at a slightly lower temperature [Fig. 2(a)] is an indication that the critical coupling
condition is reached for a lower temperature in the presence of antennas due to enhanced absorption in
the VO2 .
The manipulation of optical antenna resonances using
phase change materials such as VO2 is promising for
dynamic optical devices. In this Letter, we showed that
the resonances of plasmonic elements can be tuned or
turned off by utilizing the large change of the optical
properties of the underlying VO2 substrate in proximity
to its phase transition. While we demonstrated thermal
tuning of an entire antenna array, DC and AC fields can
be applied to individual antennas or even individual sections of antennas on isolated patches of VO2 , creating a
tunable inhomogeneous distribution of amplitude and
phase responses within an array of antennas. Such a
demonstration would be of interest to realizing antenna-based spatial light modulators capable of addressing
amplitude and phase of infrared and THz light, active and
passive thermal labels and emitters, displays, and related
dynamically reconfigurable devices.
We thank J. Lin, N. Yu, D. Sharma, and Y. Zhao for
helpful discussions. The fabrication was performed at
the Harvard CNS. FC acknowledges support from the
AFOSR under grant number FA9550-12-1-0289. ZY and
SR acknowledge ONR for financial support. M. Kats is
supported by the NSF Graduate Research Fellowship.
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